An extended study on PdS is carried out with the measurements of the resistivity, Hall coefficient, Raman scattering, and X-ray diffraction at high pressures up to 42.3 GPa. With increasing pressure, superconductivity is observed accompanying with a structural phase transition at around 19.5 GPa. The coexistence of semiconducting and metallic phases observed at normal state is examined by the Raman scattering and X-ray diffraction between 19.5 and 29.5 GPa. After that, only the metallic normal state maintains with an almost constant superconducting transition temperature. The similar evolution between the superconducting transition temperature and carrier concentration with pressure supports the phonon-mediated superconductivity in this material. These results highlight the important role of pressure played in inducing superconductivity from these narrow band-gap semiconductors.
I. INTRODUCTION
Since the discovery of LaFeAsO 1−x F x superconductor, various Fe-based superconductors have been synthesized with the motivation to enhance superconducting transition temperature (T c ).
1-4 Among them, ironbased chalcogenides have been of great interest because of their fascinating superconducting properties. [5] [6] [7] [8] [9] For example, FeSe is regarded as a reference material to elucidate the physics of high T c superconductivity in Febased compounds, due to the simplest crystallographic structure. [10] [11] [12] [13] Pressure is a clean tool to find new superconductors or enhance the properties of existing superconductors without inducing impurities. The T c of FeSe is 8 K at ambient pressure, and increases to 36.7 K under external pressure. 14, 15 Although FeSe system possesses many attractive features, lots of physical properties still remain unsettled. For example, FeSe 1−x always composes of primarily PbO-type tetragonal phase with space group pf P 4/nmm and NiAs-type hexagonal phase with space group of P 6 3 /mmc.
14 At low temperatures, a structural transition from P 4/nmm to an orthorhombic phase with space group was reported from neutron diffraction measurements. 23 The central issue regarding which phase(s) accounts for superconductivity remains unknown. At high pressures, the T c evolution paths detected from different groups are very different. 15, [24] [25] [26] [27] There has been no agreement about the high-pressure structures and phase transformation for this so-called simple material. 15, 24, 28, 29 It has been generally accepted 30 that applied pressure enhances spin fluctuations and thus T c in Fe 1+y Se, suggesting a close linkage between spin fluctuations and the mechanism of superconductivity. This seemingly beautiful picture does not get further support from the direct dection of magnetic excitations from neutron scattering measurements. 31 The spin resonance energy was not observed to be proportional to T c at high pressures.
31
This indicated that paring beyond magnetic excitations should account or at least work together with for superconductivity in FeSe. On the other hand, the strong pressure-dependent electron-phonon coupling was suggested from theoretical study on FeSe. 32 The newly developed techniques based on photoemission and x-ray free electron laser were used to determine the weight of interactions. The new experiment confirmed the theoretically predicted enhancement of the electron-phonon coupling strength owning to electron-electron correction effects.
33
The sister compound FeS has also attracted great interest due to the comparability with FeSe. 16, 17 Superconductivity in tetragonal FeS was observed with a T c of 5 K, but T c gradually decreases with pressure, contrary to the case in FeSe. 18, 19 Although there has been no report of superconductivity in the undoped FeTe, the extensive studies on FeTe system have promoted the understanding of superconducting mechanism in Fe-based superconductors.
20-22
In this approach, it is quite natural to pay attention to other analogous chalcogenides without iron.
To simplify the potential complex in understanding superconductivity in transition metal chalcogenides, one expects to explore superconductivity in other chalcogenides without magnetic elements. Palladium chalcogenides may offer alternative route for such a purpose. For example, PdTe was found to be a superconductor with a strongly coupled character. 34 By the application of pressure, T c was theoretically predicated to decrease in this compound. 35 The high-pressure experiments have not been carried out on PdTe yet. However, it is interesting to study the high-pressure behaviors and the evolution of superconductivity with pressure in palladium chalcogenides. So far, many physical properties of this family at high pressures have not been investigated experimentally. Palladium sulfide (PdS) has a wealth of superior physical properties, such as semiconducting, photoelectrochemical, and photovoltaic properties.
36-38
These properties are being developed for device applications in catalysis and acid resistant high-temperature electrodes. [39] [40] [41] [42] Recently, this material was identified to be a potential thermoelectric material with large Seebeck coefficient and high electrical conductivity. 43 Pressure has often been used to drive narrow band semiconductors to become superconductors. 44, 45 It is highly desired to examine whether superconductivity can be realized in PdS upon lattice compression and what the path will be undertaken at high pressures.
To address the issues mentioned above, we perform a series of measurements to study the physical properties in PdS under pressure up to 42.3 GPa. We find that the semiconducting behavior is strongly suppressed and a metallic phase develops under pressure from the resistivity measurements. A pressure-induced superconductivity is observed when the phase transition occurs. The phase transition is confirmed by Raman scattering and X-ray diffraction measurements. The high-pressure phase diagram is thus established for this interesting material.
II. EXPERIMENTAL DETAILS
The high-quality sample PdS used in this experiment was synthesized by melting-quenched method and spark plasma sintering, detailed elsewhere. 46 A nonmagnetic diamond anvil cell (DAC) made of Cu-Be alloy was used for high-pressure resistivity measurements. 47 This customized cell has two symmetrical anvil culets with the diameter of 200 µm. An insulated rhenium flake was used as the gasket with the sample chamber of diameter 100 µm. The high-quality PdS was pressed into powders before filled in the sample chamber. A standard four-probe method with four Pt wires linked the sample powers and external Cu wires was used for the resistivity measurements in Physical Properties Measurement System (PPMS). For the Raman scattering experiments, pressure was realized by a symmetrical DAC with a 300 µm culet and the diameter of sample champer was 150 µm. The sample powers were loaded in the hole with the same conditions for the resistivity measurements. The power of exciting laser was 2 mW with a wavelength of 488 nm, and the integral time was 5 mins in order to obtain better Raman scattering spectra. The high pressure Intensity (a.u.) 42 
Frequency (cm X-ray scattering diffraction experiments, prepared the same environment as Raman measurements, were conducted at the Shanghai Synchrotron Radiation Facility with a wavelength 0.6199Å. In all the experiments mentioned above, pressure was calibrated by using the ruby fluorescence shift, 48 and the pressure was implemented around room temperature. Figure 1 shows the temperature dependence of the resistivity for PdS at various pressures up to 41.3 GPa. From Fig. 1(a) , we can see that the resistivity of PdS is strongly suppressed with increasing pressure, and a typical semiconducting feature is observed from the resistivity behavior in all the temperature range at various pressures up to 16.5 GPa. Interestingly, when pressure is increased to 19.6 GPa, it enters into a superconducting state at low temperatures [ Fig. 1(b) ]. With further increasing pressure, the resistivity is gradually reduced and the superconductivity becomes more evident. Moreover, a resistivity hump is observed around 170 K at the pressure of 19.6 GPa. At the same time, a metallic behavior emerges at the normal state of this superconductor below the hump-emerging temperature. This phenomenon indicates an incomplete phase transition from a semiconductor state to a metal state induced by pressure above 19.6 GPa. The origin of the resistivity hump shifting towards to higher temperatures with increasing pressure is derived from the competing of these two phases. When the pressure is increased to 30.2 GPa, the semiconducting state is changed to the metallic state for the normal state. At 41.3 GPa, the highest pressure studied in this article, superconductivity is still persisting with an improved T c [ Fig. 1(c) ]. These results suggest that a new superconductor is discovered at high pressures, which may be accompanied by the structural phase transition.
III. RESULTS AND DISCUSSION
The emergence of superconductivity is confirmed by the measurements of temperature dependence of the resistivity at different magnetic fields. The results at the pressure of 29.5 GPa are summarized in Fig. 2 . It can be seen that the temperature dependent resistivity curve gradually shifts towards the low temperatures with increasing magnetic fields. Finally, the the temperature dependent resistivity almost becomes flat between 1.8 and 10 K with the magnetic field of 4.5 Tesla, which indicates the complete suppression of superconductivity in PdS. These magnetic-field dependent measurements provide convincing evidence for the detected superconducting transition at high pressures. Within the weak-coupling Bardeen-Cooper-Schrieffer (BCS) theory, an upper critical field at T = 0 K can be determined by the Werthamer-Helfand-Hohenberg equation : 49 H c2 (0) = 
] based on the Ginzburg-Landau theory.
50
In order to shed insight into the origin of superconductivity in PdS at high pressures, the Raman scattering measurements were performed at the same condition as resistivity measurements. As we known, Raman spectroscopy can provide valuable information on the lattice vibration. Thus, it is a powerful tool to probe the structural evolution and phase transition. The selected room temperature Raman spectra of PdS at various pressures up to 42.3 GPa are shown in Fig. 3(a) and 3(b) . To clarity, the obtained Raman vibration modes are marked by arrows and denoted as L n , respectively. Upon increasing pressure, most of the obtained Raman modes are broad at low pressures, indicating a strong electronphonon coupling and phonon-phonon interaction. Above 16.2 GPa, the Raman mode L 4 is disappearing which indicates the appearance of a new high-pressure phase. In other words, the sample PdS has evolved into a coexistence of two phases including the initial phase (tetragonal structure) and a new phase (the metallic phase). This is consistent with the emerging of superconductivity from the resistivity measurements [ Fig. 1(b) ]. With further increasing pressure, the gradually weakened intensity of the Raman modes is consistent with the gradually obvious metallic normal state [ Fig. 1(b) ]. Above 29.8 GPa, almost all the Raman modes disappear excepting the very week and broad L 2 , indicating that the sample PdS completely evolved into the metallic phase as shown in Fig.  1(b) .
Depending on the Lorentzian fitting, 51 the pressure dependence of the obtained phonon frequencies are shown in Fig. 3(c) . It is obvious that PdS undergoes a phase transition in the intermediary areas and the dashed area in a rough range between 16.2 and 29.8 GPa represents the coexistence of two phases. Almost all the Raman modes shift toward higher frequencies obviously under pressure before 19.6 GPa, originating from the expected contraction of interatomic distances. However, all the vibrational mode do not change too much between the coexisted phases. Above 26.5 GPa, only the vibrational mode L 2 (×4) is still existing. Thus, the vibrational mode L 2 may be special to the strong electron-phonon coupling in favor of superconductivity.
Generally speaking, a sharp reduction of Raman peaks can be attributed to a structure transton with high symmetry where no Raman mode is allowed, or because of a transition to a metalic state which will shield the Raman signal due to the limited penetration depth of the exciting laser. In order to give a well-established evidence to the structure evolution in PdS, room-temperature synchrotron X-ray diffraction patterns of PdS at various pressures are measured up to 45.8 GPa. As shown in Fig. 4 , all the Bragg peaks shift to larger angles with the increase of pressure, showing the shrinkage of the PdS lattice. Almost all diffraction peaks can be fitted to the tetragonal symmetry at low pressure, suggesting that the crystal structure of the PdS is stable below 19 GPa. Upon further compression, a new peak marked by a red arrow appears at 21.7 GPa, which means that a new phase emerges. Then, another new peak which is also marked by a red arrow appears at 23.2 GPa. And these two new peaks become more evident with further increasing pressure. On the contrary, the Bragg peak marked by a black arrow disappears at the pressure of 29.1 GPa. These results suggest that the two phases coexist between 21.7 and 29.1 GPa, which is consistent with the resistivity and Raman scattering measurements. Above 32.7 GPa, the material completely evolutes into the new phase revealed by Raman spectra. The new phase is a more complex phase, which is also supported by the original diffraction patterns on the top of Fig. 4 . The details of the new structure are still under investigation. However, it is certain that pressure drives PdS to evolve into a more complex structural phase above 19.5 GPa.
The phase diagram of PdS is mapped out by combining the resistivity, Raman scatting, and X-ray diffraction measurements (Fig. 5) . It can be seen that PdS keeps it's initial phase with the behavior as a semiconductor (S) under the pressure of 19.5 GPa. Then, with increasing pressure, it evolves into a superconducting state with the coexistence of two phases between 19.5 and 29.8 GPa. It is specially interesting that T c has an obvious improvement in the region of the coexisted phases. With a roughly linear fitting (red-dot line), the initial pressure dependent coefficient of T c , dT c /dP (∼ 0.58 K/GPa) is obtained. After the obvious improvement, T c is observed to level off with increasing pressure together with a complete evolution into a metallic (M) state at normal state. Overall, T c first exhibits a arc-like shape with increasing pressure and then becomes almost constant upon heavy compression. This behavior is very similar to a reported superconductor (NbN), where T c roughly increases with applied pressure up to 4 GPa, and then reaches a constant from 4 GPa to 42 GPa. 52 As shown in the lower panel of Fig. 5 , the negative Hall coefficient demonstrates that the dominant electron carrier character for the superconducting phase. The sign of the calculated carrier concentration at 10 K gradually increases with increasing pressure in initial phase region. Then, the carrier concentration has a relatively weak pressure dependence at higher pressures after a noticeable rise in the region of the coexisted phases. The carrier concentration for the superconducting phase is in the range between 10 20 and 10 22 cm −3 , at least two order higher in magnitude than that at ambient condition, which is very beneficial to the electron-phonon coupling in favor of superconductivity. The pressure dependent T c and evolution of carrier concentration under pressure are coherent, especially the obvious increase of them around the same pressure range. This phenomenon may have provided a natural explanation for the superconductivity of PdS under pressure.
The properties of conventional superconductors can be explained well by the theory of BCS, and the superconductivity is always driven from the coupling between electrons and phonons (lattice vibrations). 53 Recently, the strong electron-phonon interaction has been observed in transition metal chalcogenides, which indicates the importance of electron-phonon coupling for high temperature superconductivity. 32, 33, 54, 55 PdS as a transition metal chalcogenide, should be also an electron-phonon coupled superconductor.
For phonon-mediated superconductivity, T c can be expressed as T c ∝ ω log exp[−1.04(1 + λ)/λ]. 56, 57 Here, the electron-phonon coupling constant λ is determined by the equation of λ=
where ω log is phonon energy, N (0) is the density of electronic states at the Fermi energy, I
2 is the mean-square electron-phonon matrix element, M is the ionic mass, and ω 2 is the mean-square frequencies over the phonon spectra. Previous studies have established that I 2 and M do not change too much with pressure. 52, 58 The information about phonon energy could be estimated from the Raman spectra (Fig.  3) . In the superconducting regime, the phonon energy ω log and ω 2 are not sensitive to pressure. The electronic part of λ could be reflected by carrier concentration which is proximate to N (0) (Fig. 5) . It is obvious that the pressure dependence T c and carrier concentration is synchronous in the superconducting regime. Combined with the relationship of T c and λ, there is no doubt that the electron-phonon pairing mechanism plays an important role in superconductivity of PdS.
IV. CONCLUSIONS
In summary, we have synthesized high-quality sample PdS with single phase at ambient pressure. Highpressure resistivity, Hall coefficient, Raman scattering, and X-ray diffraction measurements have been performed on PdS up to 42.3 GPa. With increasing pressure, the semiconducting behavior has been strongly suppressed. A metallic phase has emerged and gradually occupied the dominant position upon further compression. The pressure-driven semiconductor-metal transition has been examined by combining Raman scattering and X-ray diffraction. Superconductivity has been observed when the metallic phase emerges at pressure of 19.6 GPa. The character of superconductivity has been confirmed by the obtained zero resistance and the suppression of the resistivity with the application of magnetic fields. We suggested that the evolution of T c under pressure was dominated by the carrier concentration. These findings enrich the superconducting family from transition metal chalcogenides. PdS-derived superconductors with higher T c are expected under pressure. These results will shed new light on understanding the mechanism of superconductivity in this kind of materials.
